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Abstract—We propose two transceiver schemes based on
Kramers Kronig (KK) detection. One targets low-cost high-
throughput applications and uses PAM transmission in combina-
tion with direct detection and digital reconstruction of the optical
phase. This scheme allows digital compensation of chromatic
dispersion and provides a significant improvement in terms of
spectral efficiency, compared to conventional PAM transmission.
The second scheme targets high-channel-count coherent systems
with the aim of simplifying the receiver complexity by reducing
the optical components count. This scheme is based on the
transmission of two SSB signals that share a transmission laser,
each obtained by suppressing either optically or digitally one
side of a real-valued signal. At the receiver, the two SSB signals
are received separately, after optical de-interleaving, by KK
detection, using a single local oscillator laser.
Index Terms—Optical fiber communications, Modulation, Het-
erodyning, Phase retrieval.
I. INTRODUCTION
The simplification of optical communication receivers for
short and intermediate range systems has become one of the
most important problems in fiber communications in the past
few years. The challenge is to reduce the cost of the transceiver
with as little compromise on its performance and throughput as
possible. Currently, it appears that pulse amplitude modulation
(PAM) [1] is leading the race for low-cost transmission sys-
tems, although significant competition has been presented by
other direct detection techniques, such as the ones reported in
[2]–[6]. Recently, we have proposed a new receiver scheme [7]
that allows the reconstruction of complex constellations from
an intensity measurement requiring a single photo-diode. The
method proposed in [7] relies on transmitting together with
the information signal, a CW tone positioned slightly outside
of the signal’s spectrum. We have shown that, as soon as the
intensity of the CW tone exceeds by a few decibels the power
of the information-carrying signal [7], the overall electric
field becomes minimum phase, implying that its complex
envelope can be extracted from an intensity measurement. The
implementation of the KK receiver has been tested in the last
year with a number of experimental realizations [8]–[15].
Another critical challenge that is being faced in the arena
of long-haul communications is the reduction of the receiver
spatial footprint in systems where a large multiplicity of
frequency and possibly spatial channels [16] are received
simultaneously. In these cases, the capability of accommo-
dating polarization multiplexing is an additional important
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requirement. While typical coherent receivers can accommo-
date the signal multiplicity, it is quite clear that they cannot
comply with the spatial footprint requirement, as the number
of received channels increases, unless special solutions are
envisaged. In a recent paper [17], we have shown that the
KK transceiver can accommodate polarization multiplexing
by adding the necessary CW tone at the receiver, provided
that a local oscillator (LO) is available. This solution requires
only two photo-diodes and no interferometric optics, versus
eight photo-diodes and two optical hybrids required by an
intradyne receiver. Clearly, in this situation the use of the KK
approach provides a substantial gain in terms of complexity
and compactness, and in principle, it involves no performance
penalty. The polarization-multiplexed KK transceiver is also
a good candidate to reduce the spatial footprint of high-
channel-count coherent receivers, and its use in a dense-WDM
environment has been demonstrated recently in [10].
In this work we propose two new transceiver schemes based
on the KK approach. The first scheme addresses the former
challenge of reducing the transceiver cost and complexity in
the context of short and intermediate range systems. This
scheme was first presented in [18] and is reviewed here. We
call it the KK-PAM scheme, and it is based on separately
modulating two field quadratures. One field quadrature con-
tains a non-negative PAM signal, whereas the other contains
its Hilbert transform, such that the overall field that is com-
bined from the two quadratures is single-sideband (SSB). The
generated SSB signal is also minimum phase, and hence it can
be fully reconstructed from its intensity measurement. After
the field is reconstructed, it is separated into its two original
quadratures (as described later), and its in-phase quadrature
is used to recover the transmitted data. The second scheme
addresses more specifically the latter challenge of reducing
the spatial footprint in receivers for medium and long-haul
systems, while still addressing the receiver complexity is-
sue. We call this scheme the two-sided (TS) KK transceiver
scheme, and it combines the spectral efficiency of the KK-
PAM transceiver with the ability to accommodate polarization
multiplexing [17]. In the TS-KK scheme two SSB signals
share the same transmit laser and LO, and each of them is
obtained by suppressing either optically or digitally one side
of a real-valued signal. At the receiver, the two SSB signals
are received separately, after optical de-interleaving. In order
to make this approach compatible with the optical filtering
capabilities of WDM components that are available today, it
is necessary to introduce a small frequency gap between the
spectra of two SSB signals that form a WDM channel.
The paper is organized as follows. In Section II we review
the KK-PAM transceiver introduced in [18] and proceed
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2to its numerical validation. In Section III we illustrate the
principle of operation of the TS-KK scheme, and validate it
by means of numerical simulations. Section IV is devoted to
the conclusions.
II. KK-PAM TRANSCEIVER
The principle underpinning the KK-PAM transceiver is
described in Fig. 1. We consider an optical PAM signal
pptq “ A`
ÿ
k
akgpt´ kT q (1)
where ak are zero-mean real-valued data symbols, and gptq is
the fundamental symbol waveform, which is also assumed to
be real valued, and its spectrum is symmetric and contained
between ´B{2 and B{2 (for Nyquist pulses T “ 1{B). The
parameter A denotes a positive bias value that serves to ensure
the non-negativity of pptq. The KK-PAM scheme relies on the
transmission of the SSB version of pptq given by
sptq “ A`
ÿ
k
akgSSBpt´ kT q, (2)
where gSSBptq “ gptq ` iHtgptqu, with Ht¨u denoting
the Hilbert transform. The spectrum of gSSBptq is contained
between 0 and B{2.
At the receiver, after filtering out-of-band noise, the optical
signal is photo-detected, and the photo-current Iptq is pro-
cessed according to the KK reconstruction algorithm detailed
in [19]. A key-step in this algorithm consists of recovering the
phase φptq of the SSB signal sptq by means of the relation
φptq “ i
2
HtlogrIptqsu. (3)
The reconstructed field is given by
a
Iptq exp riφptqs, and it
is equal to the optical field impinging upon the receiver up
to a constant (time independent) phase difference. Note that
the entire process of field reconstruction is performed in the
digital domain. This implies that the Iptq needs to be sampled
at least at its Nyquist bandwidth of B, and then digitally
up-sampled so as to accommodate the bandwidth expansion
implied by the logarithm of Eq. (3). An up-sampling factor of
the order of two or three ha been shown to be sufficient [7],
[12]. The KK procedure recovers the dispersed version of the
SSB signal sptq, while preserving the phase of the information-
carrying signal relative to the bias, thus making additional
phase recovery unnecessary. After digital CD compensation,
sptq is recovered, and its real part yields the desired PAM
signal. Since Realtsptqu “ pptq, the mere non-negativity of
pptq ensures that sptq never encircles the origin in the complex
plane, and hence it satisfies the minimum-phase condition
underpinning the KK reconstruction procedure [19]. Yet, in
the presence of chromatic dispersion, the value of A may have
to be increased slightly in order to guarantee that the received
optical signal satisfies the minimum-phase condition. These
considerations are discussed in detail in Ref. [19].
A. Numerical validation of the KK-PAM transceiver
In this section we numerically validate the KK-PAM
transceiver described in the previous section. We consider a
100 km link over standard single-mode fiber (SSMF), where
we transmit a 4-PAM modulated signal using a raised cosine
fundamental waveform with a roll-off factor of 0.05, at a
symbol rate of 48 Gbaud. This translates into an optical
bandwidth of approximately 24 GHz for the transmitted SSB
signal. In the numerical results that we present in this section,
the SSB signal sptq is assumed to have been produced by an
I/Q modulator. The optical spectrum of sptq if shown in Fig.
1. In the simulations, we assumed an overall loss budget of 26
dB and optical pre-amplification with a noise figure of 5 dB.
We then evaluate the BER by transmitting a pseudo-random
sequence of 215 Gray-coded symbols. At the receiver, an
optical filter with a 12th order super-Gaussian shape having a 3
dB bandwidth of 26 GHz, and centered at 16 GHz was used to
remove the excess noise. In Fig. 2a we plot the BER as a func-
tion of the equivalent OSNR, defined as OSNReq “ Ps{Pn,
which is the OSNR that one would measure in the absence of
the bias component. Here Ps denotes the power contained in
the zero-mean information carrying signal
ř
k akgSSBpt´kT q,
and Pn denotes the noise power within a bandwidth of 0.1 nm.
The various curves correspond to the different bias levels as
shown in the legend, where the bias power A2 is specified as
a multiple of Ps. The empty markers represent the case where
CD is compensated optically prior to detection, whereas the
filled markers represent the case where CD is compensated for
digitally after signal reconstruction. The difference between
the two cases follows from the fact that in the presence of
dispersion, the non-negativity condition described earlier may
be violated, in which case the field reconstruction is no longer
perfect. This issue is notable particularly when the bias level
is small, whereas in the case of a stronger bias the non-
negativity is maintained even for the dispersed signal and the
difference between the curves plotted with the filled and empty
markers vanishes. The saturation of the BER curves in the
absence of optical CD compensation when A2 “ 4Ps and
A2 “ 6Ps, follows from the fact that at high SNR levels
the BER is dominated by imperfect field reconstruction and
hence it does not improve with power. Naturally, no saturation
of the BER occurs when CD is optically compensated (empty
markers). All of the curves shown in Fig. 2a comply with an
FEC threshold of 10´2. When considering the performance in
terms of the equivalent OSNR, and under the assumption of
perfect reconstruction, the KK-PAM receiver is equivalent to a
coherent receiver, whose theoretical BER curve [20] is plotted
by a dashed line in Fig. 3. In Fig. 2b we show the robustness of
the KK-PAM scheme to CD, by plotting the BER as a function
of total CD, while assuming an equivalent OSNR of 17 dB.
The CD tolerance clearly increases considerably with the bias
level, although even in the case where the bias is equal to
4Ps the overall performance is compliant with common FEC
requirements. Indeed, moderate CD, as high as approximately
300 ps/nm, can be compensated digitally with no penalty in
BER even at the lowest reported bias value of 4Ps. When
the bias level is increased to 8Ps or 10Ps any value of CD
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Fig. 1. Principle of operation of the KK-PAM transceiver. At the transmitter,
one side of a non-negative real-valued PAM signal of bandwidth B is
suppressed by means of a SSB filter (which can be implemented either in
the digital domain or in the form of an optical filter). At the receiver, the
detected photocurrent is sampled with a sampling rate of B, and the SSB
optical signal is reconstructed by applying the KK algorithm. The real PAM
signal is obtained by taking the real part of the reconstructed signal.
can be compensated digitally with no penalty. In Fig. 3 we
investigate the performance of the KK-PAM scheme in the
nonlinear regime, by repeating the simulations described in
the context of Fig. 2a, with 5 WDM channels separated by
40 GHz and without optical CD compensation. The BER of
the central channel is plotted as a function of the true (not
the equivalent) OSNR. The effect of the nonlinearity is seen
in the form of a rise of the BER curve. Only in the case of
low-bias-power A2 “ 4Ps reconstruction errors precede the
effect of the nonlinear distortion.
B. Discussion
The KK-PAM scheme should not be misinterpreted as reg-
ular self-heterodyne or standard SSB transmissions, with the
bias signal playing the role of a carrier. With these methods,
the required carrier amplitude would have to be much larger
than it is in the KK-PAM scheme.
The availability of the complex signal at the end of the
reconstruction makes the KK-PAM scheme equivalent to a
coherent receiver. One obvious consequence of this equiva-
lence is the possibility of digitally compensating not only for
CD, but also for other propagation effects. Another important
implication is the fact that the capacity of this scheme is close
to that of a scheme using a coherent receiver, because of the
ability of the KK receiver to detect the amplitude and phase
of the signal [21].
An obvious disadvantage of the scheme described in this
section is that it requires a relatively expensive I/Q modulator,
which is an undesirable constraint in the case of single-
span low-cost systems. This disadvantage can be remedied to
some extent by using a single-ended Mach-Zehnder modulator
driven with two voltages [22], although the potential of this
solution for the implementation of the KK scheme is yet to be
evaluated. Another option for generating a SSB signal of the
kind required by the KK procedure, is to combine an amplitude
modulator with an optical filter. However, the requirements on
the optical filter are very critical, and hence its implementation
is not straightforward. This option is investigated in the section
that follows, where we present a more spectrally efficient KK
scheme that accommodates for polarization multiplexing.
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Fig. 2. (a) The pre-FEC BER of a 48-Gbaud KK 4-PAM system (100-km
SSMF), versus the equivalent OSNR for the displayed values of the CW
bias power. Empty markers show the BER after optical CD compensation,
whereas the filled markers show the BER when the CD is compensated for
digitally. (b) The pre-FEC BER versus the link chromatic dispersion, for the
same KK-PAM system. The curves were obtained by keeping the power of
the information carrying signal fixed, and with digital CD compensation.
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Fig. 3. The BER of the central channel of a WDM system with five 40-GHz
spaced KK-PAM modulated channels, versus the equivalent OSNR (which is
the OSNR that one would measure if there were no bias component in the
transmitted signal). The dashed curve shows the theoretical BER of a 4-PAM
coherent system impaired by AWGN [20].
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Fig. 4. Original implementation of the KK scheme [7]. The west and east
transmitters generate SSB signals, whose bandwidth is contained between 0
and B, where the laser frequency is 0. The west-side laser is used both for
generating the SSB signal going east and as a LO for receiving the signal
arriving from the east location and vice-versa.
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Fig. 5. Operating principle of the TS-KK transceiver. The modulator generates
a two-sideband spectrum, where each sideband contains an independent data-
carrying signal. A guard-band around the center frequency (ω “ 0) is inserted
so as to allow separation between the two sidebands at the receiver, where the
two sidebands are optically separated and KK-processed independently and
in parallel. The two reception processes make use of the same LO at ω “ 0.
III. TWO-SIDED POLARIZATION-MULTIPLEXED KK
TRANSCEIVER
In this section we propose a new KK scheme inspired
by the KK-PAM transceiver that accommodates polarization-
multiplexed transmission. In order to achieve this, we assume
that the CW reference tone is available as a LO at the
receiving edge, and hence needs not be transmitted with the
information-carrying signal. This assumption is well justified,
provided that a LO can be extracted from the transmission
laser that is co-located with the receiver that performs the
KK processing. In such cases the cost implications of using
a LO are minimal. In the context of the KK scheme, the
most straightforward implementation is illustrated in Fig. 4.
The west and east transmitters generate SSB signals, whose
bandwidth is contained between 0 and B, where the laser
frequency is 0. The west-side laser is used both for generating
the SSB signal going east and as a LO for receiving the
signal arriving from the east location. Similarly, the east-
side laser also serves for the two functionalities. Note that
in this implementation the bandwidth of both the transmitter
and receiver must be equal to 2B, namely twice the bandwidth
of the transmitted optical signal. A modified scheme, where
the bandwidth of the transmitter is reduced to B has been
recently demonstrated in [10]. In that scheme the bandwidth
reduction was obtained by offsetting the frequencies of the
east-west channels with respect to the west-east channels, so
that the information-carrying signal is always two-sided with
respect to the transmission laser.
Here we propose an alternative approach to better exploit
the transmitter bandwidth while keeping it equal to the receiver
bandwidth, and without misaligning the frequencies of the
east-west and west-east channels.
The operating principle of the proposed approach is il-
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Fig. 6. A different version of the same operating principle of Fig. 5. Two
single-quadrature modulators generate two real-valued signals, and a guard-
band is inserted around ω “ 0, so as to accommodate their separation at
the receiver. An interleaving filter combines the upper sideband of one signal
with the lower sideband of the other. The receiver scheme is identical to that
of Fig. 5.
lustrated in Fig. 5. Instead of generating SSB signals as in
Fig. 4, each modulator generates a two-sideband spectrum,
where each sideband contains an independent data-carrying
signal. A guard-band around the center frequency (ω “ 0)
must be programed into the system so as to allow separation
between the two sidebands on the receiver side. The receiver
starts by optically separating the two sidebands, which are
to be processed independently and in parallel by means of
the KK algorithm. The two reception processes make use of
the same LO positioned at ω “ 0. As compared to SSB
transmission of Fig. 4, with this approach the same transmitter
is used to transmit two channels instead of one, so that its
bandwidth is optimally exploited. Of course, the principle of
operation described in Fig. 5 can be implemented in a WDM
environment characterized by a multiplicity of transmitters and
receivers. In order to avoid confusion, in what follows we use
the term WDM channel to refer to the signal generated by a
single transmitter module.
A slightly different version of the same operating principle
is illustrated in Fig. 6. Here, two single-quadrature modula-
tors generate two real-valued signals, where, similarly to the
previous case, a guard-band is inserted around ω “ 0, so as to
accommodate their separation at the receiver. An interleaving
filter that combines the upper sideband of one signal with the
lower sideband of the other, forms the WDM signal that is
to be launched into the fiber. The schemes of Fig. 5 and 6
use exactly the same receiver, but the comparison between
the transmitters is interesting. The scheme of Fig. 5 relies
on an I/Q modulator, which consists of two single-quadrature
modulators whose outputs need to be combined in quadrature
with interferometric accuracy. In the case of Fig. 6, the two
single-quadrature modulators are combined in frequency and
no interferometric control is required. On the other hand, an
interleaving filter needs to be included. Of course, a single
large interleaving filter can be shared by all WDM channels,
as is illustrated in Fig. 7, in the polarization-multiplexed case.
The signals from even-indexed and odd-indexed transmitters
must be multiplexed separately first, and then interleaved by
means of two interleavers. At the receiver edge, a pair of
interleavers is needed to de-interleave the SSB signals (of
bandwidth B{2) prior to de-multiplexing.1 This is illustrated
in Fig. 8.
1We note that in principle the role of the interleavers and de-interleavers
can also be played by SSB filter pairs, or dichroic filters, incorporated into
each transceiver.
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Fig. 7. The transmitter of the TS-KK transceiver scheme. A transmission laser
is shared by two single-quadrature modulators (either amplitude modulators
or single Mach Zehnder modulators), each generating a real-valued signal of
bandwidth B. The two signals are multiplexed first and then interleaved. The
interleavers are off-set from the WDM grid (channel spacing Bgrid in the
figure) so as to suppress the high-frequency (low-frequency) sideband of the
signals generated by the odd-indexed (even-indexed) modulators.
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Fig. 8. The receiver of the TS-KK transceiver scheme. The received WDM
channels are de-interleaved first, so as to separate the low- and high-frequency
sideband, and then de-multiplexed. Each pair of SSB signals extracted from
the same WDM channel is finally received with two KK PolMux receivers
sharing an LO. The KK PolMux receiver schematic is illustrated in the inset,
while an extensive characterization can be found in [17].
Finally, as illustrated in Fig. 8, each pair of SSB signals
originated by paired transmitters is received by paired receivers
that share a local oscillator. The sharing of the local oscilla-
tor between adjacent channels was previously proposed for
balanced heterodyne detection in [23], and applied to KK
receivers in [13]. Clearly, the local oscillator grid used at
the receiver end is in this case aligned with that used at the
transmitter. After de-multiplexing, each of the polarization-
multiplexed channel sidebands of bandwidth B{2 together
with the local oscillator is polarization-split and detected by
one photodiode per polarization. The two photocurrents are
sampled by two ADCs of bandwidth B. A schematic of the KK
polarization-multiplexed receiver is shown in the inset of Fig.
8, while extensive descriptions can be found in [10], [17], [24].
As mentioned earlier, the guard-band around each channel’s
central frequency is needed in order to allow the combining
and separation of the two sidebands. The guard-band width
is determined in conjunction with the filtering capability of
available interleavers and de-interleavers. When the guard-
band is not sufficiently large, the residual spectral content of
an imperfectly suppressed sideband falls on the wrong side
of the LO, thus violating the minimum-phase condition, and
thereby resulting in reconstruction errors.
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Fig. 9. Generation of a two-sided signal, as illustrated in the transmitter
scheme of Fig. 7. The two spectral sides of two real-valued zero-mean 4ASK
signals (a, d) are digitally shifted apart from each other (b, e). After digital-
to-analog conversion, they are optically filtered with super-gaussian filters of
fourth order (c, f).
A. Numerical validation of the two-sided Polarization-
multiplexed KK Transceiver
In this section we present a numerical validation of the
TS-KK transceiver scheme. We transmitted two single-sided
zero-mean 4ASK signals over a fiber link consisting of five
100-km spans. To this end, we first generated two real-valued
4-ASK signals at 48 Gbaud, using a raised-cosine fundamental
waveform with a roll-off factor of 0.05. We then introduced
a frequency gap Bgap by moving the positive and negative
sides of the symmetric spectra apart from each other. This
procedure is illustrated in Fig. 9. We assumed a WDM channel
spacing of 80 GHz, and used filters with a forth-order super-
gaussian shape, 3-dB bandwidth of 36 GHz, and 90%–to–
10% roll-off bandwidth of 7 GHz to model the interleavers
[26] (solid curves in Figs. 9b and 9e). Good performance was
achieved by using a frequency gap Bgap “ 8.6 GHz, while
offsetting the interleaver grid by 18.8 GHz from the WDM
grid. These settings yield good sideband suppression, as can
be seen in Figs. 9c and 9f, with no significant increase of
the necessary transmitter bandwidth, which in this case was
increased from Bnet “ 48 GHz to B “ 48 ` 8.6 “ 56.6
GHz. At the receiver, the two sidebands of each WDM channel
were separated with the same type of filters prior to adding
the CW tone. After intensity detection, we used the KK
algorithm to reconstruct the single-sideband complex signal,
and compensated for chromatic dispersion, as well as for the
polarization rotation caused by the fiber birefringence. Finally,
the original real-valued 4ASK signal was recovered by taking
the real part of reconstructed and compensated signal, after
digitally removing the frequency gap. All simulations were
based on the use of the Manakov equation [25] and were
performed without polarization mode dispersion. A frequency-
independent random polarization was applied to the optical
signal prior to reception in every run.
Figure 10a shows the average BER in the linear operation
regime as a function of the OSNR, for various intensities of the
LO. The BER was evaluated on the basis of fifty independent
6simulation runs, each with 215 Grey-coded symbols, and
averaged over the two signal’s polarizations. Solid markers
refer to the 4-ASK signal encoded in the high-frequency
sideband, while empty markers refer to that encoded in the
low-frequency sideband. The solid curve is the plot of the
theoretical BER for 4-ASK.
In Fig. 10b we study the performance of the TS-KK
transceiver in the nonlinear operation regime. In this case, we
transmitted five WDM channels and measured the BER of the
central channel for the same LO powers used in Fig. 10a. As
detailed in [7], when the LO is relatively weak (4Ps in the fig-
ure), errors at large OSNR are mainly due to the reconstruction
process, and hence the effect of the fiber nonlinearity is not
visible. For large LO power levels and in the limit of large
OSNR, where reconstruction errors are practically absent, the
effect of nonlinearity becomes dominant. We note that in all
cases considered here, the BER does not exceed the relevant
threshold of 10´3.
The TS-KK transceiver is expected to achieve the perfor-
mance of a coherent system with the same channel throughput
and the same net bandwidth. In order to establish a quantitative
comparison, we considered a 16-QAM coherent system operat-
ing at 48 Gbaud and 80 GHz channel spacing. The simulation
results are shown in Fig. 10b by stars, whereas the theoretical
BER is still given by the solid curve. As is evident from the
figure, for sufficiently large LO power the difference between
coherent and TS-KK becomes negligible.
B. Complexity comparison
It is interesting to conclude this section with a comparison
between the hardware complexity of the TS-KK scheme and
the complexity of the two most relevant coherent communica-
tions schemes; intradyne [27] and balanced heterodyne.2 The
comparison is conducted for a polarization multiplexed system
and for the case where the optical bandwidth of the transmitted
WDM channel is B. As we have demonstrated above, the TS-
KK scheme approaches the theoretical performance limit of
coherent transmission. Hence, apart from the slightly lower
spectral efficiency of TS-KK, the ultimate performance of
all three schemes is identical. On the transmitter side, and
restricting ourselves to typical implementations, all schemes
require four optical modulators of electrical bandwidth B. In
the coherent case, each modulator is responsible for mod-
ulating one quadrature, while the two quadratures in each
polarization need to be combined with sub-wavelength ac-
curacy. In the TS-KK transmitter, each modulator modulates
one sideband channel, and since the sidebands are combined
in frequency domain, no interferometric accuracy is needed
from the combiner. On the other hand, the TS-KK receiver
requires an optical interleaver filter, which does not exist in
the coherent scheme.
The comparison between the schemes on the receiver side is
summarized in Table I. All three schemes rely on the use of a
2Here, by balanced heterodyne (or simply heterodyne) we refer to the TS-
KK scheme of Fig. 8, where each of the two coupler-photodiode pairs in the
KK PolMux RX block (inset) is replaced with a 50-50 bean splitter and a
pair of balanced photodiodes.
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Fig. 10. (a) Average BER in the linear operation regime versus OSNR, for
the intensities of the LO shown in the legend. Solid markers refer to the 4-
ASK signal encoded in high-frequency sideband, while empty markers refer
to that encoded in low-frequency sideband. The solid curve is the plot of
the theoretical BER for 4ASK. (b) Average BER in the nonlinear operation
regime after 500 km propagation in a SMF versus OSNR, for the intensities of
the LO shown in the legend. The stars show simulation results for a 16-QAM
coherent system.
TABLE I
DEVICE COUNT AT THE RECEIVER PER CHANNEL (2 POLARIZATIONS)
# LDs # PDs. # ADCs # OHs Balancing
Intradyne 1 8 4 2 yes
Heterodyne 1 8 4 0 yes
TS-KK 1 4 4 0 no
Legend: LD: Laser diode; PD: Photodiode; ADC: Analog to digital converter;
OH: Optical hybrid. All devices have a bandwidth B.
LO, which requires tapping the light from one laser diode (also
used for transmission). They also require the same number of
ADCs, one per quadrature in the intradyne receiver and one
per sideband channel in the case of heterodyne and TS-KK.
The intradyne receiver requires two optical hybrids, one per
polarization, whereas in the case of the heterodyne and TS-
KK receivers, no optical hybrid is required. The number of
photodiodes is eight in the case of the coherent receivers,
as differential detection requires two balanced photodiodes
per ADC. In the TS-KK receiver only four photodiodes are
required — one for each sideband channel. On the other
hand, the TS-KK receiver requires an extra interleaver, whose
resolution requirements are higher than in the coherent case.
We note however, that the cost of the extra interleavers
7required by the TS-KK scheme (at transmitter and receiver),
is shared by all of the WDM channels.
IV. CONCLUSIONS
We have introduced two new approaches for implementing
the KK field-reconstruction procedure in fiber-optic systems.
We called them the KK-PAM and the TS-KK configurations.
The KK-PAM scheme is similar to KK scheme in which the
CW tone is combined with the data-carrying signal at the
transmitter [8]. Its uniqueness is in the fact that it relies on
the transmission of SSB PAM signals. The launched signal
can be constructed digitally, by driving an I/Q modulator,
or optically, in which case a single-quadrature modulator is
used in combination with optical filtering. The TS-KK scheme
relies on the availability of a LO at the receiver and its main
advantage over KK-PAM (or the KK scheme of [8]), is in the
fact that it can readily accommodate polarization multiplexing.
Its construction is such that the LO can be extracted from
the transmit laser that is present at the same location. The
performance of the TS-KK is similar to that of typical coherent
receivers, with the only drawback that a guard-band that
allows the separation between sidebands needs to be included
in the transmitted spectrum, thereby reducing the spectral
efficiency. We have seen that with reasonable assumptions on
the available components, the reduction of spectral efficiency
is only within 15 percent. The advantage of the TS-KK scheme
in comparison with coherent communications schemes, is in
the absence of optical hybrids and in the fact that the outputs
of the individual modulators at the transmitter need not be
phase-controlled when combining them into a single fiber. In
addition, the necessary number of photo-diodes is smaller by a
factor of two, and no balancing is required. The disadvantage
is the need of optical filtering, but the implied extra cost is
shared by all WDM channels. Finally, it is worth pointing out
that the TS-KK scheme is also suitable for medium-to-long
haul transmissions, owing to the fact that the information-
carrying signal is transmitted without a CW tone, which would
be responsible for power inefficiency and extra nonlinear
penalties.
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